The Mre11/Rad50/Nbs1 (MRN) complex initiates and coordinates DNA repair and signaling events at double-strand breaks. The interaction between MRN and DNA ends is critical for the recruitment of DNA-processing enzymes, end tethering, and activation of the ATM protein kinase. Here we visualized MRN binding to duplex DNA molecules using single-molecule FRET, and found that MRN unwinds 15-20 base pairs at the end of the duplex, holding the branched structure open for minutes at a time in an ATP-dependent reaction. A Rad50 catalytic domain mutant that is specifically deficient in this ATP-dependent opening is impaired in DNA end resection in vitro and in resection-dependent repair of breaks in human cells, demonstrating the importance of MRNgenerated single strands in the repair of DNA breaks.
The Mre11/Rad50/Nbs1 (MRN) complex initiates and coordinates DNA repair and signaling events at double-strand breaks. The interaction between MRN and DNA ends is critical for the recruitment of DNA-processing enzymes, end tethering, and activation of the ATM protein kinase. Here we visualized MRN binding to duplex DNA molecules using single-molecule FRET, and found that MRN unwinds 15-20 base pairs at the end of the duplex, holding the branched structure open for minutes at a time in an ATP-dependent reaction. A Rad50 catalytic domain mutant that is specifically deficient in this ATP-dependent opening is impaired in DNA end resection in vitro and in resection-dependent repair of breaks in human cells, demonstrating the importance of MRNgenerated single strands in the repair of DNA breaks.
DNA structure | DNA-protein interaction T he Mre11/Rad50/Nbs1 (MRN) complex initiates DNA repair and signaling responses to DNA double-strand breaks (DSBs) in eukaryotic cells (1) . The Mre11 and Rad50 components of the complex are conserved in all organisms and encode an endonuclease and a structural maintenance of chromosomes family ATPase, respectively, which regulate the initial processing of DSB ends, recruitment of exonucleases and endonucleases, stimulation of nonhomologous end-joining, and homologous recombination (2) (3) (4) . In addition, the MRN complex in eukaryotes controls the activation of the ataxia-telangiectasia-mutated (ATM) kinase at sites of DNA breaks, initiating a signaling cascade that triggers cell cycle checkpoint activation (5, 6) . All of these diverse activities require high-affinity association of Mre11/Rad50 complexes with linear DNA ends, one of the earliest events known to occur at DSBs in eukaryotes in vivo (7, 8) .
A DNA end can be distinguished from unbroken DNA by the presence of the end itself, but the discontinuity also allows transient opening and distortion of the strands. We previously hypothesized that the binding of MRN to duplex DNA may involve limited unwinding of the end of the helix, based on the observations that recombinant human MRN can dissociate short duplexes (9) ; both human MRN and yeast Mre11/Rad50/ Xrs2 (MRX) complexes recruit Exo1, which binds preferentially to branched DNA structures (10, 11) ; and ATM activation is regulated by strand opening when the ATP-dependent activities of MRN are compromised (12) . MRN has never been directly observed to open duplexes, however, and its interactions with DNA have only been inferred from gel-based ensemble assays and microscopy, which cannot interrogate local changes in DNA structure.
Results
To examine the mechanisms and dynamics of MRN associations with DNA, we used single-molecule total internal reflection fluorescence microscopy to observe DNA duplex opening by the MRN complex in real time. DNA molecules containing Cy3 donor and Cy5 acceptor fluorophores on opposite strands were attached to a slide through a biotin-streptavidin linkage (Fig. 1A) , and FRET between the dyes was used to monitor strand opening.
We first measured FRET in the absence of MRN with a fully paired duplex and with duplexes containing noncomplementary ends of 15 or 22 nt (Y structures) to mimic an unwound duplex end (Fig. 1A) . The fully paired duplex exhibited a single peak with a high FRET value, whereas the 15-and 22-nt Y structures were present in lower-FRET states, with the 22-nt unwound molecules occupying a range of conformations with different FRET values (Fig. 1B) . A difference plot, with the distribution from the fully paired duplex subtracted from the distributions of each of the Y structures, illustrates the increase in low-FRET states and the loss of high-FRET states as a consequence of the noncomplementary ends (Fig. 1C) .
When recombinant human MRN was added to the fully paired duplex in the presence of ATP, we observed a subpopulation of molecules (F 1 ) with lower FRET values, centered at 0.69-0.71, that was increasingly prominent as the MRN concentration was increased ( Fig. 1 D-F) . The difference plot in Fig. 1G shows that the increase in low-FRET values on MRN binding is reminiscent of the shift to lower FRET values observed with the Y structures, with the center of the peak intermediate between the positions of the 15-and 22-nt Y structures. The decrease in FRET values on MRN addition was not related to DNA degradation, as demonstrated by the return of the high-FRET form after removal of MRN with proteinase K (Fig. S1 ). The simplest interpretation of these results is that MRN disrupts ∼15-20 base pairs, unwinding the DNA locally on binding to the end of the duplex.
Significance
The Mre11/Rad50/Nbs1 (MRN) complex recognizes doublestrand breaks in eukaryotic cells, initiating DNA repair and signaling cell cycle checkpoint arrest. Several enzymes are known to be stimulated at sites of breaks through the actions of MRN, including nucleases and the ATM protein kinase. Here we investigated the interactions between MRN and DNA ends using a single-molecule approach that allows us to measure the unwinding of the helix while MRN is bound. We found that MRN promotes local separation of the DNA strands at the end of the helix (15-20 base pairs) in an ATP-dependent manner. A mutation in Rad50 that blocks this ATP-dependent opening also blocks DNA end processing in human cells, confirming the importance of duplex opening for MRN function.
The Rad50 catalytic head domains bind two ATP molecules in trans with another Rad50 molecule (13, 14) . This conformation is important for DNA end binding, DNA tethering, and ATM activation (15) . We found that the maximal decrease in FRET value requires ATP ( Fig. 2A ) and all components of the complex, including Nbs1 (Fig. 2B) , consistent with previous observations that Nbs1 is essential for the ATP-dependent function of human MRN in vitro (9, 16) . The Mre11 protein by itself did not induce low-FRET states in the DNA duplex (Fig. 2C) . Likewise, MRN did not induce a low-FRET state for a DNA in which the ends were connected to form a hairpin (Figs. 1A and 2D) , indicating that the low-FRET state for the base-paired duplex results from opening of the end on MRN binding rather than from a change in the environment of the dyes.
Evaluation of individual time traces show that nearly all of the molecules that displayed reduced FRET values did not transition back to the high-FRET state during the observation period (40 s), suggesting a long lifetime for MRN association. Representative traces for DNA only and MRN-bound DNA are shown in Fig. 2 E and F. Transition density plots derived from the time traces did not reveal discrete states within these reduced FRET values (Fig. S2) ; however, the FRET values of molecules bound by MRN varied substantially over time, as reflected in an increased standard deviation (SD) relative to molecules that remained in the high-FRET state ( Fig. 2 G and H) . This latter group exhibited behavior indistinguishable from that of the DNA in the absence of MRN, and its relative population decreased with increasing MRN concentration ( Fig. 1 D-F) , suggesting that at least some of these molecules were not bound to MRN. For the molecules with gave lower FRET values, the increased variability of the FRET value may reflect dynamics in the extent of unwinding induced by MRN and/or in the orientation of the dyes within the protein-DNA complex.
To specifically examine the population of DNA molecules bound to MRN, we immobilized the MRN complex to a chelatedcopper PEGylated slide through the 6X His tag and flowed the Cy3/Cy5-labeled duplex over the slide. After washing away unbound DNA, we assessed the FRET values of the DNA that was retained by binding to the immobilized MRN (Fig. 3A) . In the absence of ATP, quantitation of the FRET values showed a prominent peak centered at 0.95 (Fig. 3B) , similar to the behavior of biotinylated DNA bound to the slide without MRN. In contrast, the addition of ATP with the DNA generated an additional population of molecules in a lower-FRET state (Fig. 3C) , with an average FRET value of 0.61 (shown in a difference plot in Fig. 3D ). This FRET value is similar to that of MRN-bound, immobilized DNA, indicating that the extent of DNA opening is not affected by the configuration of the surface immobilization. As expected, the fraction of the DNA that populated this low-FRET state (54%) was larger than that seen in the experiments with immobilized DNA, because here only the DNA bound to MRN is retained on the surface. Nevertheless, 46% of the DNA molecules displayed high FRET values, equivalent to those of the free duplex. This high-FRET population most likely consists of DNA bound to MRN through its unlabeled end and/or DNA bound to individual MRN heterotrimers, which appear not to give efficient DNA unwinding (see below).
MRN is thought to be one of the first complexes to arrive at a DSB site in vivo (17) (18) (19) (20) , yet it has been difficult to quantitatively measure its DNA binding in ensemble assays owing to its large size and the formation of multiple complexes in gel mobility shift assays (16) . To monitor MRN binding to immobilized DNA, we expressed MRN as a fusion of mOrange to the Mre11 protein. Using this system, we measured an equilibrium dissociation constant for duplex DNA of 29 ± 10 pM in the presence of ATP ( Fig. 3E and Fig. S3 ). An alternative configuration with labeled DNA and immobilized MRN gave the same value within error (standard deviation). In the absence of ATP, titration of mOrange MRN into reactions with immobilized DNA gave a K d value of ∼1.6 nM, indicating that MRN binds ATP and DNA cooperatively. Interestingly, MRN bound to a Y-shaped DNA with 15-nt single-stranded regions (Fig. 1A) with relatively high affinity even in the absence of ATP (K d = 380 pM), suggesting that a key role of ATP in this cooperative binding is to promote a conformational change in MRN that promotes unwinding at the DNA end.
To measure the dissociation kinetics of mOrange MRN from duplex DNA, we used a laser pulsing method to extend the observation time beyond the lifetime imposed by dye photobleaching. In either configuration, with immobilized protein or immobilized DNA, we found that MRN complexes are extremely long-lived, with a dissociation rate constant of ∼5 × 10 −3 s -1 (Fig. S4 ). To explore the roles of the nucleotide in DNA unwinding by MRN, we also performed the immobilized DNA FRET experiments with the nonhydrolyzable nucleotide AMP-PNP. These experiments showed no apparent unwinding with adenyl imidodiphosphate (AMP-PNP) (Fig. S5) , consistent with unwinding requiring the hydrolysis of ATP. However, it is also possible that AMP-PNP does not efficiently induce the changes seen with ATP. Thus, the failure of AMP-PNP to mimic the effects of ATP instead may be related to differences in the interactions of the nucleotides with MRN.
Considering the evidence for oligomeric MRN complexes provided by atomic force microscopy, gel mobility shift, and analytical ultracentrifugation experiments (15, 21), we investigated whether the MRN complexes in our experiments are monomeric or oligomeric. For this, we analyzed immobilized mOrange-MRN as well as mOrange-MRN bound to immobilized DNA for multistep photobleaching, which we took as an indication that oligomeric forms of the complex were present (Fig. S6) . Using this criterion, we found that the percentage of immobilized DNA molecules bound by such oligomeric MRN complexes increases with protein concentration to a maximum of ∼30% at 3 nM MRN (Fig. S7) . In addition, ∼35% of MRN complexes bound to DNA are oligomeric at concentrations of 1-3 nM (Fig. S7) . Thus, oligomeric MRN complexes form under these conditions and are active in binding DNA. It is possible that these oligomeric complexes are responsible for the ∼30% of low-FRET molecules observed in the experiments with immobilized DNA (Fig. 1) , and that this may explain why the binding of MRN to duplex DNA occurs in the 30 pM range (Fig. 3 ), yet the unwinding of DNA duplexes by MRN requires concentrations of 1-10 nM (Fig. 1) .
We previously showed that a mutation in the conserved signature motif of Rad50 (S1202R) compromises the ATP-stimulated activities of MRN (22) . The MR(S1202R)N complex is unable to stimulate ATM kinase activity in vitro, yet the deficiency of the mutant complex can be suppressed using a pre-unwound DNA structure with a heterologous sequence at one end (12), suggesting that this mutant may be specifically deficient in DNA unwinding. To test this hypothesis directly, we immobilized the MR (S1202R)N complex and found that the FRET values of the DNA bound to the complex were similar to those of the WT complex in the absence of ATP, but the mutant complex did not exhibit the shift to lower FRET values in the presence of ATP (Fig. 3 F-H) . Thus, the S1202R mutation in the Rad50 C-terminal catalytic domain blocks the ATP-dependent unwinding of DNA ends.
To determine whether the ATP-dependent DNA unwinding is important for DSB processing by MRN, we performed a reconstituted resection assay composed of recombinant MRN, human Exo1, and human Ku70/80 as described previously (11) . Exo1 is a 5′ to 3′ exonuclease as well as a 5′ flap endonuclease that is recruited to DNA ends through the action of MRN(X) (10). Exo1 is inhibited by the end-binding heterodimer Ku70/80, but this inhibition can be blocked by MRN(X) in vitro (10, 11) , consistent with genetic observations in vivo in Saccharomyces cerevisiae (23) (24) (25) . Linearized plasmid DNA was incubated with human Ku70/80 and Exo1 and either WT or MR(S1202R)N complex (Fig. 4A) . Resection was monitored by DNA staining with SYBR Green by Southern blot analysis using a strandspecific RNA probe for the 3′ strand at one end, and by quantitative PCR using a restriction enzyme to distinguish between single-stranded and double-stranded DNA (10) . We found that Exo1 activity is blocked by Ku70/80 and relieved by WT MRN, but the MR(S1202R)N complex is deficient in this process (Fig.  4A ). For instance, measuring resection at a site located 229 nt from the break, WT MRN stimulated Exo1-mediated degradation to 7.5-to 8-fold higher levels compared with reactions with the MR(S1202R)N mutant complex (lanes 4, 5, 7, and 8). In fact, 5′ strand degradation in the presence of the MR(S1202R)N mutant MRN was indistinguishable from the reaction without MRN by any of the methods used to assess resection. In contrast, there was little difference between the WT and mutant MRN complexes in the stimulation of Exo1 without the presence of Ku ( lanes 10 and 11) ; thus, we conclude that the ATP-driven opening of DNA ends by MRN specifically contributes to the removal or displacement of Ku70/80. The equivalent MR(S1205R)X complex in budding yeast also shows a deficiency in resection of HO endonuclease-induced breaks in vivo (22) .
To test whether the Rad50 S1202R mutant also shows a deficiency in promoting resection in human cells, we used I-SceIbased DSB reporter systems for homologous recombination (HR), in which HR products are marked by GFP + . First, we used osteosarcoma U2OS cells with an HR reporter for single-strand annealing (SSA; Fig. 4B ) (26) , with which we established clonal cell lines with RAD50-WT and RAD50-S1202R expression cassettes with silent mutations to resist an RAD50 siRNA. Thus, these cell lines maintain an RAD50 immunoblot signal after siRAD50 treatment; RAD50 levels in parental cells were reduced by more than fourfold (Fig. 4C) . These cell lines were treated with siRAD50, I-SceI was transiently expressed, and the frequency of SSA was quantified (%GFP + cells normalized to parallel siCTRL-treated samples; Fig. 4B ). We found that the RAD50-WT cell line showed a significantly higher frequency of SSA compared with the parental cell line (1.8-fold; P < 0.0001; Fig. 4D ), whereas the RAD50-S1202R cell line did not. Next, we integrated a reporter for homology-directed repair (HDR; Fig. 4E ) (27) into a human patient cell line deficient in RAD50 (RAD50 R/X ) (28) . With these cells, I-SceI was transiently expressed with an empty vector (EV), RAD50-WT, or RAD50-S1202R, and the frequency of HDR was quantified (%GFP + cells normalized to I-SceI with the EV; RAD50-WT and S1202R expression in RAD50 R/X confirmed by immunoblot analysis; Fig. 4F ). We found that RAD50-WT expression caused a significant increase in HDR (2.5-fold; P < 0.01; Fig.  4G ), but RAD50-S1202R had no effect.
These findings indicate that RAD50-S1202R is deficient for promoting HR. Considering that the MR(S1202R)N mutant binds to DNA but specifically fails to produce ATP-dependent opening of the duplexes (Fig. 3) , these results collectively argue that this opening event is critical for resection of DNA ends in human cells.
Discussion
In this work, we have shown that ATP-driven association of MRN with DNA ends promotes a dramatic change in DNA structure such that ∼15-20 bp of duplex is destabilized and held open by the complex. The dependence on ATP in strand opening by MRN is consistent with previous observations of nucleotidestimulated strand displacement (9) and our analysis of MRN effects on the ATM protein kinase (12) . Activation of ATM is also sensitive to the S1202R mutation, which can be suppressed by heterologous, unwound strands at a DNA end. In addition, we recently showed that the ATP-bound (but not hydrolyzed) form is the form of MRN that activates ATM in vitro (15) .
Structural analysis of Rad50 from archaea and bacteria has shown that two Rad50 "heads," composed of N-terminal and C-terminal DNA-binding domains, dimerize in the presence of ATP (13, 14, 29) . Mre11 binds underneath the dimerized domains in this configuration, blocking the nuclease active sites of Mre11 (14, 29) . In contrast, Mre11/Rad50 catalytic domains in the absence of ATP are in an open, extended structure (30) . No structural information on the location of DNA in either configuration is available, but our finding that ATP is required for efficient DNA unwinding suggests that it is the closed, ATP-bound dimeric structure that engages and unwinds the DNA strands at a break. Under the conditions of these experiments, the steady-state ATP hydrolysis by MRN is much slower than the DNA opening. Considered together with results indicating that ATP binding induces conformational changes in MRN (29, 30) , these results most simply suggest that it is bound ATP that promotes formation of the closed structure and leads to local DNA unwinding.
All of the experiments reported in this paper were performed in the presence of magnesium ions, which support only a low level of Mre11 nuclease activity. The nuclease function of Mre11 does not affect the measurement of unwinding by FRET, as demonstrated by the recovery of a high-FRET state after removal of bound proteins. Many of the known biological functions of MRN have been reconstituted in magnesium and are similar to observations in human cells, including stimulation of DNA end resection by Exo1 and Dna2 (10, 11, 31, 32) and activation of ATM in the presence of DNA DSBs (12) .
The single-molecule assays used in this study also allowed us to determine the binding constants for MRN association with DNA ends, which yielded an estimate of ∼30 pM in the presence of ATP. This binding is much tighter than has been estimated from gel-based assays (16) , possibly because the complexes observed in the gel mobility shift assays are formed primarily from oligomerized proteins, as also observed visually by scanning force microscopy (21). We infer that higher concentrations of MRN are required to form these oligomeric complexes than are required for a single functional unit of MRN to bind to a DNA end. Our results indicate that these oligomeric complexes are capable of opening DNA and are linked to the biological functions of MRN, thus providing insight into the strength of the functional interaction of MRN with DNA ends. It is possible that the larger oligomers also play important roles in DNA end tethering and functions of MRN related to the DNA damage-induced foci of repair proteins.
In addition to ATM, MRN recruits specific DNA-processing enzymes to sites of DNA DSBs. We have shown that unwound single strands at these ends promote the binding of yeast and human Exo1 to DNA ends (10, 11) , suggesting that the modulation of DNA structure at ends is critical for MRN regulation of DNA end processing. Based on these results, we propose that MRN acts as a gatekeeper at a DNA break, opening the strands and recruiting specific enzymes while restricting access of other complexes to ensure the coordinated assembly of repair and signaling activities at the break site.
Materials and Methods
Protein Expression and Purification. The human MRN complex was expressed and purified from insect cells as described previously (33) with modifications. After binding and elution from nickel-nitrilotriacetic acid resin, the protein was bound to a 1-mL Hitrap SP column (GE Healthcare) in buffer A [25 mM Tris (pH 8.0), 10% glycerol, 1 mM DTT] and eluted with buffer A containing 0.5 M NaCl before purification on anti-Flag antibody resin as described. The MR(S1202R)N mutant complex (12) was prepared similarly. Expression and purification of Ku and Exo1 were done as described previously (11) . The mOrange gene was amplifed by PCR from a template containing the ORF of mOrange (gift from M. Modesti, Centre National de la Recherche Scientifique, Marseille, France) and cloned into the C terminus of the full-length human Mre11 gene in pTP109 with XbaI/KpnI sites to generate pTP1987, a pFastBac1 baculovirus transfer plasmid (Invitrogen) containing the Mre11-mOrange fusion cassette. The plasmid was used to make a bacmid (pTP1973) according to the manufacturer's instructions (Invitrogen), and the resulting virus was used instead of WT Mre11 to make M(mOrange)RN complex in Sf21 insect cells as described previously (33) .
Purification of the M(mOrange)RN complex was performed as for human MRN, but after SP ion exchange, 0.5 mL of the peak fraction was loaded onto a Superose 6 10/300 GL gel filtration column (GE Healthcare) in buffer A. Peak fractions were collected and aliquoted at −80°C for future use. For the immobilized MRN assays, purified MR complex was used with the addition of purified Nbs1 at an equimolar ratio. We observed no differences between the activity of MRN purified as a coexpressed complex and MR + Nbs1.
Oligonucleotides. In immobilized DNA experiments, the fully annealed duplex was composed of TP2451 (5′-CTTGCATG[iCy5]CCTCAGCTATTCCGGATTATT-CATACCGTTCCCATGTA-biotin-3′) annealed to TP2450 (5′-TGGGAACGGTAT-GAATAATCCGGAATAGCTGAGGCATGC[iCy3]AAGTCTA-3′). The 15-nt and 22-nt Y structures were composed of TP2451 annealed to TP2972 (5′-TGGGAACGG-TATGAATAATCCGGAATACAACATTGCCAT[iCy3]GCATCTA-3′) and TP2973 (5′-TGGGAACGGTATGAATAATCGACTCACCAACATTGCCAT[iCy3]GCATCTA-3′), respectively. The hairpin DNA substrate was made by ligation of TP2591 (5′-TGGGAACGGTATGAATAATCCGGAAT-3′) to TP2592 (5′-ATTATTCATACCG-TTCCCATGTA-biotin) to TP2586 (5′-AGCTGAGGCATGC/iCy3/AAGTCTATATAT-AGACTTGCATG/iCy5/CCTCAGCTATTCCGG-3′), and the ligated substrate was gel-purified in a denaturing sequencing gel before use.
Another fully annealed duplex was composed of TP2450 annealed to TP3343 (5′-CTTGCATG[iCy5]CCTCAGCTATTCCGGATTATTCATACCGTTCCCA-TGTA-3′). All Cy3 and Cy5 oligonucleotides were purchased from Integrated DNA Technologies.
Immobilized DNA Single-Molecule Experiments. DNA duplexes, 3′ biotinylated, were immobilized through biotin-streptavidin linkages to streptavidin molecules conjugated to the surface of a quartz slide passivated with methoxy polyethylene glycol (mPEG). The molecules were imaged by prism-type total internal reflection microscopy on an Olympus IX-71 microscope with a cooled I-PentaMAX IIC CCD (Princeton Instruments). An oxygen-scavenging system (OSS) consisting of 0.6 mM Trolox, 8% glucose, 0.05 mg/mL catalase, and 0.1 mg/mL glucose oxidase was used to slow photobleaching. For FRET experiments, the duplexes were directly excited with a 532-nm laser (Crystalaser), and a 637-nm laser (Coherent) was used to confirm the presence of the Cy5 dye for each duplex after 50 s of monitoring FRET by excitation of Cy3. The data were acquired at 10-25 frames/s. The final solution conditions were 25 mM 3-(N-morpholino)propanesulfonic acid (MOPS; pH 7.0), 60 mM NaCl, 5 mM Mg 2+ , 1 mM DTT, and a nucleotide concentration of 1 mM when applicable.
Immobilized Protein Single-Molecule Experiments. MRN was immobilized through a 6X His tag to chelated copper mPEG quartz slides (MicroSurfaces). DNA duplexes with either a single Cy5 (for the colocalization experiments with immobilized mOrange-MRN) or dual-labeled with Cy3 and Cy5 (for FRET experiments) were added to the flow chamber, with the OSS described in the preceding section.
Single-Molecule Measurements of Binding Equilibrium and Kinetics. For equilibrium measurements, the immobilized species (Cy5-labeled DNA substrates or mOrange-MRN) were incubated with free mOrange-MRN or Cy5-labeled DNA, respectively, at concentrations ranging from 1 pM to 3 nM in the flow chamber for 10 min before data collection. Based on the measured rate constant for dissociation (below), this incubation was sufficient for equilibration at all concentrations of protein and DNA. The fraction of the immobilized species colocalized with dye-labeled molecules from the solution was measured for several fields of view at each concentration. Kinetics were measured by allowing binding of mOrange-MRN to immobilized Cy5-labeled DNA or binding of Cy5-labeled DNA to immobilized mOrange-MRN, and then washing out the unbound, dye-labeled molecules. The process of dissociation of dye-labeled MRN or DNA was performed for 16 min, with repeated cycles of unshuttering the excitation laser for 2 s and then shuttering it for 28 s.
In Vitro Resection Assays. The resection assays with plasmid DNA were performed as described previously (10) with the following modifications. The 4.5-kb plasmid pNO1 was linearized with SphI and incubated in reactions containing 25 mM MOPS (pH 7.0), 1 mM DTT, 5 mM MgCl 2 , and 60 mM NaCl (30 mM in reactions containing Dna2) for 1 h at 37°C. Each reaction contained 0.135 nM linearized DNA in a total volume of 10 μL. Each reaction was terminated by adding 0.1% SDS and 10 mM EDTA. The reactions were loaded and separated on a 1% nondenaturing agarose gel and further analyzed by SYBR Green (Invitrogen) staining and nondenaturing Southern hybridization as described previously (10) .
Homologous Recombination Reporter Assays. For RAD50 expression vectors, the RAD50-HA-His coding sequence from pTP11 (34) was inserted into an EV (pCAGGS-BSKX) (26) . Silent mutations to resist siRAD50#1 (target: 5′gaaa-caaacugcagaaugu; mutations: 5′GAAAtAAgtTaCAGAATGT) and the S1202R mutation were introduced. A neomycin resistance expression cassette was inserted upstream of the promoter, linearized plasmids were transfected into the U2OS SA-GFP reporter cell line (26) , and single integrant clones were isolated using Geneticin (Invitrogen). To examine SSA, cells were transfected in 24-well dishes with 5 pmol siRAD50#1 or siCTRL#1 (Thermo Scientific) using 1.8 μL of RNAiMAX and the next day were transfected with the I-SceI expression vector pCBASce (0.4 μg) using 1.8 μL of Lipofectamine 2000 (Invitrogen). At 3 d after transfection, GFP + cells were quantified by FACS analysis (CyAn ADP; Dako) and normalized to the mean value of parallel siCTRL-treated samples; results represent the mean of 12 independent transfections. To examine HDR, the DR-GFP reporter (26) (hyg version) was transfected into SV40T-transformed fibroblasts from a RAD50-R1093X/X1313Y patient (28) . After hygromycin selection (Invitrogen), cells were transfected with 0.4 μg of pCBASce and 0.2 μg of RAD50 expression vectors (lacking an HA-His tag) or an EV, and GFP + cells were quantified by FACS and normalized to the EV samples.
Results represent the mean of four independent transfections. For immunoblot analysis, protein was extracted at 2 d after transfection using NETN buffer as described previously (26), and were probed with RAD50 and actin antibodies (sc-74460; Santa Cruz Biotechnology and A2066; Sigma-Aldrich) and developed using secondary antibody (sc-2004; Santa Cruz Biotechnology) and ECL (GE Healthcare). Statistical analyses were performed using the unpaired t test.
